Sirtuins (Sirt1-Sirt7) are NAD + -dependent protein deacetylases/ ADP ribosyltransferases, which play decisive roles in chromatin silencing, cell cycle regulation, cellular differentiation, and metabolism. Different sirtuins control similar cellular processes, suggesting a coordinated mode of action but information about potential cross-regulatory interactions within the sirtuin family is still limited. Here, we demonstrate that Sirt1 requires autodeacetylation to efficiently deacetylate targets such as p53, H3K9, and H4K16. Sirt7 restricts Sirt1 activity by preventing Sirt1 autodeacetylation causing enhanced Sirt1 activity in Sirt7 −/− mice. Increased
Sirtuins (Sirt1-Sirt7) are NAD + -dependent protein deacetylases/ ADP ribosyltransferases, which play decisive roles in chromatin silencing, cell cycle regulation, cellular differentiation, and metabolism. Different sirtuins control similar cellular processes, suggesting a coordinated mode of action but information about potential cross-regulatory interactions within the sirtuin family is still limited. Here, we demonstrate that Sirt1 requires autodeacetylation to efficiently deacetylate targets such as p53, H3K9, and H4K16. Sirt7 restricts Sirt1 activity by preventing Sirt1 autodeacetylation causing enhanced Sirt1 activity in Sirt7 −/− mice. Increased
Sirt1 activity in Sirt7 −/− mice blocks PPARγ and adipocyte differentiation, thereby diminishing accumulation of white fat. Thus, reduction of Sirt1 activity restores adipogenesis in Sirt7 −/− adipocytes in vitro and in vivo. We disclosed a principle controlling Sirt1 activity and uncovered an unexpected complexity in the crosstalk between two different sirtuins. We propose that antagonistic interactions between Sirt1 and Sirt7 are pivotal in controlling the signaling network required for maintenance of adipose tissue.
sirtuin | acetylation | adipogenesis T he seven sirtuins in mammals (Sirt1-Sirt7) are involved in the regulation of essential cellular processes. Sirtuins rapidly adjust the activity of chromatin, transcription factors, metabolic enzymes, and structural proteins to cellular needs by deacetylating a broad range of targets. The ability to sense metabolic alterations and various stressors enable sirtuins to adapt cellular homeostasis to varying conditions. It seems likely that this feature of sirtuins is crucial to prevent age-dependent pathologies and promote a healthy lifespan (1, 2) .
Sirt1 is the most widely studied mammalian sirtuin showing the highest homology to the founding member of the sirtuin family, the yeast silence information regulator, Sir2. Sirt1 deacetylates histones H3K9, H3K56, H4K16, and H1K26 as well as many nonhistone targets thereby contributing to the maintenance of metabolic homeostasis and genomic integrity (3, 4) . Sirt1 was also identified as a critical component of lifespan extension in response to calorie restriction in several model organisms, although its exact contribution is still under debate (5) . The functions of Sirt7 have attracted less attention compared with Sirt1. It is known that Sirt7 specifically deacetylates H3K18 and a few other targets, which are primarily involved in activation of rDNA transcription (6, 7) .
Sirtuins are generally assumed to allow organisms to cope with different stressors and prevent aging but their specific functions differ considerably. Although the full complexity of the regulatory potency of individual sirtuins still needs to be uncovered, similar effects have been described for several sirtuins. For example, Sirt1 and Sirt2 can both inhibit adipogenesis. Sirt1 inhibits adipogenesis in 3T3-L1-derived adipocytes by binding and repressing PPARγ via association with the PPARγ corepressor nuclear receptor corepressor 1 (NCoR1) (8, 9) . Similarly, Sirt2 does inhibit adipogenesis and accumulation of lipids in 3T3-L1 adipocytes by deacetylation of FOXO1, which represses PPARγ (10) . The role of Sirt6 in the regulation of adipogenic differentiation is less clear although it is known that Sirt6 knockout (KO) mice suffer from reduced adipose tissue stores, while Sirt6 overexpressing mice are protected against high-fat diet-induced obesity (11, 12) . Interestingly, Sirt1 and Sirt6 both mediate effects of rosiglitazone on hepatic lipid accumulation (13) . Sirtuins also synergistically cooperate to improve the mitochondrial metabolism at different regulatory levels: Sirt1 activates mitochondrial gene expression, while Sirt3, Sirt4, and Sirt5 directly modify various mitochondrial enzymes (14, 15) . In contrast to synergistic functions, antagonistic effects of sirtuins have been reported as well. For example, Sirt1 inhibits whereas Sirt7 activates rDNA transcription (16) .
Despite the obvious need to coordinate the actions of different sirtuins, no concepts have been developed to explain the crosstalk between individual sirtuins. The mechanistic basis of potential regulatory interactions between sirtuins has remained enigmatic so far preventing a comprehensive understanding of the integration of different sirtuin-driven regulatory pathways. Here, we describe that Sirt1 activates itself by deacetylation of the K230 residue. This self-activation of Sirt1 is mitigated by Sirt7, which binds to Sirt1 and inhibits autodeacetylation. Furthermore, we show that the inhibition of Sirt1 by Sirt7 serves an Significance This paper describes a mechanism of regulation of Sirt1 activity by Sirt7. Deacetylases Sirt1 and Sirt7 belong to the mammalian family of seven sirtuins, which play important regulatory roles in several biological processes such as metabolism and aging. We discovered that Sirt1 is able to augment its own catalytical activity by autodeacetylation. Sirt7 binds to Sirt1 and inhibits its activity. The biological importance of this regulation was revealed in the differentiation and maintenance of white adipose tissue (WAT). Sirt7 knockout mice contain a significantly diminished amount of WAT due to the increased Sirt1 activity and Sirt1 inhibition restores WAT in Sirt7 knockout mice.
important physiological function during adipogenesis. We found that Sirt7 is instrumental for efficient adipocyte differentiation in vivo and in vitro by restraining the activity of Sirt1, thereby allowing efficient activation of PPARγ.
Results
Sirt7 Is an Interaction Partner of Sirt1. Sirt1 is regulated by NAD + as well as by microRNAs, protein-protein interactions, and posttranslational modifications (17) (18) (19) , but the full complexity of Sirt1 regulation in vivo still needs to be uncovered. To identify unique proteins controlling Sirt1 activity we searched for interaction partners by coimmunoprecipitation and label-free quantitative mass spectrometry. Untagged and YFP-tagged Sirt1 constructs were transfected into HEK293T cells and cellular proteins forming complexes with Sirt1 were precipitated using anti-Sirt1 or anti-YFP antibody, respectively. Among known and unknown Sirt1 interaction partners we detected several Sirt7 peptides, indicating that Sirt1 interacts with Sirt7 ( Fig. 1A and SI Appendix, Fig. S1 and Table S1 ). Complementary results were obtained when Sirt7-YFP was used as bait ( Fig. 1B and SI Appendix, Fig. S2 ). The volcano plot presented in Fig. 1B depicts the different Sirt7 interactors including Sirt1, some of which have been described before (16, 20, 21) . A full list of Sirt7 interacting proteins identified in this screen is included in SI Appendix, Dataset S1. GST-pull down assays using bacterially produced GST-Sirt7 protein and extracts of cells expressing Sirt1-CFP suggested that Sirt1 and Sirt7 interact directly (SI Appendix, Fig. S3A ). To prove that Sirt1 and Sirt7 interact with each other at physiological concentrations, we coimmunoprecipitated endogenous Sirt1 and Sirt7 from U2OS cells using antibodies directed against human Sirt1 and Sirt7 ( Fig. 2A) . Notably, coimmunoprecipitations were performed in the presence of the nuclease benzonase used to degrade all forms of DNA and RNA, thus excluding that Sirt1/Sirt7 interact via chromatin association. Moreover, we found that Sirt1 and Sirt7 are partially colocalized within the same regions of the nucleus (SI Appendix, Fig. S3B ), which is a prerequisite for any potential interaction.
To determine which domain within the Sirt7 protein is responsible for binding to Sirt1 we analyzed several Sirt7 mutants, revealing that both the N-and C-terminal domains of Sirt7 are required for binding to Sirt1. The N-terminal domain (amino acids 1-210) of Sirt7 appears to play the most important role for the interaction since its deletion almost completely abolished binding (SI Appendix, Fig. S3C ). In contrast, mutation of the amino acid residue critical for the enzymatic activity of Sirt7 (H188Y) (22) reduced binding to Sirt1 only by 40% (SI Appendix, Fig. S3C ).
Sirt7 Inhibits Autodeacetylation of Sirt1. To investigate whether acetylation of Sirt1 is reduced after binding to Sirt7, both proteins were coexpressed in HEK293T cells and the extent of Sirt1 acetylation with and without Sirt7 coexpression was analyzed by Western blot analysis (Fig. 2B) . Initially, we expected that Sirt7 might deacetylate Sirt1. However, much to our surprise, addition of Sirt7 caused a major increase but not a decrease of Sirt1 acetylation, while Sirt1 displayed only a limited degree of acetylation in the absence of Sirt7 (Fig. 2B and SI Appendix, Fig. S4A ). Interestingly, the Sirt1 catalytic mutant, Sirt1HY, showed much higher acetylation level than wild-type Sirt1 and the acetylation level of Sirt1HY was not further influenced by the concomitant overexpression of Sirt7 (Fig. 2B) . The catalytically inactive Sirt7-H188Y mutant was less efficient in increasing Sirt1 acetylation compared with WT Sirt7 (SI Appendix, Fig. S4A ), which corresponded to the weaker binding of Sirt7-H188Y to Sirt1 (SI Appendix, Fig. S3C ). Notably, another nuclear sirtuin, Sirt6, showed no effects on Sirt1 acetylation (SI Appendix, Fig. S4B ). The unexpected finding that Sirt7 increased acetylation of Sirt1 but not of its catalytic inactive mutant (Fig.  2B) , prompted us to investigate whether Sirt1 owns an autodeacetylase activity, which is inhibited by Sirt7. Quantitative liquid chromatography-tandem mass spectrometry analysis (LC-MS/MS) identified five lysine residues within Sirt1 (K230, K369, K422, K505, and K600), which showed a higher degree of acetylation in the presence of Sirt7 (Fig. 2C) . However, statistical significance was only reached for lysines K230 and K369, while acetylation of the remaining three lysines did not increase in all experiments in the presence of Sirt7 (Fig. 2D) . To study whether Sirt1 undergoes autodeacetylation we devised an in vitro deacetylation assay based on acetylated, isotope-labeled Sirt1-derived peptides and recombinant Sirt1 protein (SI Appendix, Fig. S4C ). Quantification of deacetylation events by mass spectrometry revealed that Sirt1 efficiently deacetylated the K230 residue (SI Appendix, Fig. S4C ). Furthermore, we inhibited the catalytic activity of Sirt1 by addition of the Sirt1-specific inhibitor Ex527. We observed a clear increase in acetylation of Sirt1 already at nanomolar concentration of Ex527, which specifically inhibits Sirt1 but does not inhibit other sirtuins (23), supporting our conclusion that Sirt1 deacetylates itself in the absence of Sirt7 (Fig. 2 E and F) . Next, we wanted to know whether the catalytically inactive Sirt1 mutant is able or unable to deacetylate itself. Western blot analysis revealed a significant increase of acetylation in the Sirt1 mutant compared with enzymatically active wild-type Sirt1, which was not enhanced any further by the Sirt1 inhibitor Ex527 (Fig. 2 E-G) . Importantly, sirtuin and HDAC inhibitors did not increase acetylation of the Sirt1 HY catalytic negative mutant, strongly supporting the decisive role of Sirt1 autodeacetylation (SI Appendix, Fig. S5A ). Similarly, we did not observe major changes in the acetylation level of Sirt1 after inhibition of protein acetyltransferases (KATs), which essentially rules out a scenario in which Sirt7 increases Sirt1 acetylation by facilitating interaction of KATs with Sirt1 (SI Appendix, Fig. S5B ). In contrast, Sirt7 strongly increased binding of Sirt1 to the methyltransferase Set7/9, which is a known inhibitor of Sirt1 (24) (SI Appendix, Fig. S5C ). Interestingly, this binding is abolished in the dominant hyperactive Sirt1 K230R mutant (SI Appendix, Fig. S5D ). Sirt7-dependent association of Sirt1 with Set7/9 correlated with enhanced formation of Sirt1 oligomers (SI Appendix, Fig. S5E ), which raises the intriguing possibility that Sirt1 autodeacetylation is prevented by Sirt7-mediated oligomerization of Sirt1 and subsequent recruitment of inhibitors such as Set7/9. Taken together, our data indicate that Sirt7 directly interacts with Sirt1 to prevent its autodeacetylation, although the exact details of how this is accomplished need to be elucidated in future experiments.
Catalytic Activity of Sirt1 Depends on Sirt1 Autodeacetylation at K230. To investigate the consequences of Sirt7-dependent regulation of Sirt1 activity, we analyzed the acetylation status of p53, an established target of Sirt1 (25) . Importantly, acetylation of p53 was increased in cells expressing both Sirt1 and Sirt7 compared with decreased acetylation of p53 in cells expressing only Sirt1 (Fig.  3A) . Sirt6 had no effects on Sirt1-dependent p53 deacetylation, suggesting a unique role for Sirt7 in the regulation of Sirt1 activity (SI Appendix, Fig. S4B ). Next, we assessed the impact of Sirt1 acetylation on Sirt1 enzymatic activity by replacing the acetylated lysine residues at positions 230, 369, 505, and 600 with Cell lysates were purified using Flag beads, followed by Western blot analysis using anti-Flag and anti-AcK antibodies. Quantifications of Sirt1 acetylation levels calculated from three individual experiments are shown in the histogram below; mean values ± SD; *P < 0.05; ***P < 0.001. Data were analyzed using Student's t test (two-tailed paired t test). N = independent biological replicates.
arginine to mimic deacetylation. Interestingly, expression of Sirt1 K230R but none of the other lysine mutants decreased p53 acetylation levels, suggesting that deacetylation of K230, which is also the subject of Sirt1 autodeacetylation, is necessary to acquire the full catalytic activity of Sirt1 (Fig. 3B) . To further prove the importance of Sirt1 K230 deacetylation for its catalytical activity, we generated the acetylation mimicking mutant, Sirt1 K230Q, in addition to the deacetylation mutant Sirt1 K230R. Indeed, the Sirt1 K230Q, similarly to the inactive Sirt1HY mutant, was not able to deacetylate p53, while WT and Sirt1 K230R both efficiently deacetylated p53 (Fig. 3 B and C) . Finally, we used an in vitro tetracycline-inducible Sirt1/GAL4 expression system to investigate the activity of Sirt1 in the presence of Sirt7 (26) . Induction of expression of Sirt1 by tetracycline led to inhibition of luciferase reporter activity and luciferase transcript level (Fig. 3 D  and E) . The decreased luciferase activity corresponded to lower H3K9 acetylation at the TK promoter regulating luciferase expression (Fig. 3F) . Strikingly, addition of the Sirt1 inhibitor Ex527 or overexpression of Sirt7 relieved Sirt1-mediated inhibition of reporter gene expression in a concentration-dependent manner (Fig. 3 D-F) , corroborating the inhibition of Sirt1 deacetylase activity by Sirt7. Interestingly, autodeacetylation of Sirt1 was sufficient to achieve maximal catalytic activity, since addition of sirtuin activators did not further increase the activity of Sirt1 K230R, the deacetylation mimicking mutant (SI Appendix, Fig. S5F ). In contrast to Sirt1, we did not detect autodeacetylation of Sirt7, although Sirt7 is clearly an acetylated protein (SI Appendix, Fig. S5G ).
Adipocytes Require Sirt7 to Generate Physiological Amounts of White Adipose Tissue. To investigate whether the regulation of Sirt1 by Sirt7 is physiologically relevant, we turned to an in vivo system. Since activation of Sirt1 inhibits adipogenesis (9) we reasoned that the lack of Sirt7 would decrease Sirt1 acetylation, increase its activity, and thereby block adipogenesis, which might result in diminished formation of white adipose tissue (WAT) in Sirt7 KO mice, although impaired adipogenesis does not necessarily translate into reduced fat mass. Nevertheless, analysis of Sirt7 mutant mice (22, (27) (28) (29) revealed a massive reduction of visceral and s.c. WAT (n = 5) (Fig. 4 A-C) , which left only a thin layer of residual adipocytes (Fig. 4 D-F) . In line with these observations we detected lower mRNA expression levels of PPARγ and adipocyte-specific protein AP2 in the remaining Sirt7 −/− WAT (Fig. 4G) . Sirt7 KO mice also show changes in energy metabolism as reported previously, which might contribute to the ; mean values ± SD; *P < 0.05; **P < 0.01. (C) Western blot analysis of p53 acetylation after expression of Sirt1, Sirt1 catalytic inactive mutant H355Y (HY), Sirt1 acetylation mimicking mutant, Sirt1 K230Q-Flag (KQ), or the deacetylation mimicking Sirt1 mutant (KR). Antibodies used for WB analysis are indicated. (D-F) Activity of Sirt1/Gal4 reporter constructs after induction by tetracycline without and with Sirt7 overexpression (D-F) and after addition of the Sirt1 inhibitor Ex527 (E and F). Sirt1 activity was determined by measuring inhibition of the relative luciferase activity (D), decrease of luciferase mRNA level (E), and diminished H3K9 acetylation at the TK promoter (F) (n = 3); mean values ± SD; *P < 0.05; **P < 0.01. observed loss of WAT (27) . To analyze whether Sirt7 serves a cell-autonomous function in adipocytes to promote adipogenesis, we generated adipocyte-specific Sirt7 KO using a floxed Sirt7 allele and AP2-Cre-expressing mice. Magnetic resonance imaging (MRI) analysis revealed a strong reduction of fat depots in adipocyte-specific Sirt7 KO mice similar to germ line Sirt7 KO animals ( Fig. 4 H and I) , suggesting that increased activity of Sirt1 within Sirt7-mutant adipogenic cells prevents proper formation of WAT. To further analyze the interplay between Sirt1 and Sirt7 in the regulation of adipogenesis we used mouse embryonic fibroblasts (MEFs), which can be converted into adipocytes in vitro. As expected, Sirt7
−/− MEFs showed impaired adipogenic differentiation compared with wild-type MEFs (Fig. 5A) , which was reflected by decreased expression of key adipogenic factors in Sirt7 −/− MEFs (Fig. 5 B-F and SI Appendix, Fig. S6 A-D) . To exclude that secondary developmental defects prevented differentiation of Sirt7 −/− MEFs into adipocytes, we suppressed Sirt7 expression using a knockdown shRNA approach. Sirt7 knockdown 3T3L1 cells showed a pronounced arrest of adipogenic differentiation ( Fig. 5G and SI Appendix, Fig. S6E ). Furthermore, we detected a much stronger interaction between Sirt1 and Sirt7 in differentiating adipocytes in contrast to negligible binding of both sirtuins in growing preadipocytes (Fig. 5H) . Importantly, the impaired adipocyte differentiation in Sirt7-deficient cells was not caused by unspecific cellular defects since overexpression of PPARγ efficiently rescued adipogenesis (SI Appendix, Fig. S7A ). Likewise, we did not observe any overt changes in the proliferation capacity of Sirt7-deficient preadipocytes (SI Appendix, Fig. S7 B and C) .
To investigate whether the activity of Sirt1 decreases during adipogenesis depending on the presence of Sirt7, we determined the ability of native Sirt1 isolated from preadipocytes and differentiated adipocytes to deacetylate H4K16ac histones in vitro using a previously developed deacetylation assay (26) (Fig. 6A) . Sirt1 showed high deacetylation activity when isolated from dividing preadipocytes. In contrast, Sirt1 activity was strongly reduced when Sirt1 was isolated from differentiated adipocytes. Addition of Sirt7 inhibited H4K16ac deacetylation by Sirt1 purified from preadipocytes but had no additional effect on the already very low deacetylase activity of Sirt1 isolated from differentiated adipocytes (Fig. 6A) . Significantly, addition of recombinant Sirt7 strongly inhibited Sirt1-mediated deacetylation of H4K16 (Fig. 6A) . We concluded that the presence of Sirt7 in differentiated adipocytes is sufficient to inhibit Sirt1 preventing further effects of exogenously added Sirt7. To further validate that Sirt1 activity depends on the absence or inactivity of Sirt7, we isolated Sirt1 from WT and Sirt7 KO , n = 8 each) (I) KO mice. N = independent biological replicates. Data were analyzed using Student's t test (twotailed paired t test).
MEFs. We observed stronger deacetylation of two different Sirt1 substrates, H4K16 and H3K9, when Sirt1 isolated from Sirt7 KO cells was added to in vitro deacetylation assays compared with Sirt1 isolated from WT cells (Fig. 6 B and C) .
Increased Sirt1 Activity Is Responsible for the Impairment of Adipogenesis in Sirt7 KO. So far our data indicated that Sirt7 restricts the activity of Sirt1 during adipogenesis. Since the PPARγ promoter is a wellknown target of Sirt1 in adipocytes and assumed to mediate the inhibitory effect of Sirt1 on adipogenesis, we studied the chromatin configuration at the PPARγ promoter in Sirt7 −/− cells. Lack of Sirt7 in KO MEFs caused more than threefold increase of Sirt1 occupancy at the PPARγ promoter after induction of differentiation (Fig. 6D ). In addition, we found lower H3K9 acetylation and an increased methylation of the PPARγ promoter, which provides an explanation for the massive reduction of WAT in Sirt7 −/− mice and the failure of Sirt7 −/− MEFs to undergo adipogenic differentiation (Fig. 6E) . Since deacetylation of H3K9 at the PPARγ promoter was only moderately enhanced in the absence of Sirt7, we analyzed the acetylation level of two other histone targets of Sirt1 at the PPARγ promoter. We found that inactivation of Sirt7 caused a strong reduction of H4K16 and H1K26 acetylation, indicating high Sirt1 activity and efficient inhibition of PPARγ transcription (Fig.  6F) . To validate that increased Sirt1 activity is responsible for impaired adipogenesis of Sirt7-deficient cells, we inhibited Sirt1 activity in Sirt7 −/− MEFs by retrovirus-mediated shRNA knockdown. Knockdown of Sirt1 increased adipogenic differentiation as demonstrated by an increased Oil-Red-O staining and a higher expression of key adipogenic markers PPARγ and AP2 (Fig. 7  A and B, respectively) , indicating a partial rescue of the Sirt7 mutant phenotype. Moreover, removal of one Sirt1 allele restored the highly compromised adipogenic potential of primary Sirt7 −/− preadipocytes (Fig. 7C) . Most importantly, adipocytespecific inactivation of one Sirt1 allele restored WAT depots in conditional AP2-Cre Sirt7 KO mice in vivo with a high statistical significance, while heterozygous Sirt1 mice showed normal WAT content when the Sirt7 gene was left intact (Fig. 7 D and E) . In summary, our data indicate that increased activity of Sirt1 suppresses PPARγ promoter activity, thereby accounting for impaired adipogenesis and diminished WAT depots in Sirt7 KO mice. 
Discussion
Our results highlight the importance of cross-regulatory circuits between individual members of the sirtuin family for organismal homeostasis (Fig. 8 ) and emphasize the role of posttranslational acetylation in the regulation of Sirt1 activity. Autocatalytic modifications of proteins are common and have been primarily described for kinases (30) , acetyltransferases (31) , and also for phosphatases (32) but not for deacetylases. An involvement of acetylation/deacetylation in the regulation of enzymatic activity of this class of proteins has mostly remained enigmatic, although acetylation of several protein deacetylases has been reported previously (33) . So far, the only example for a regulatory acetylation of a protein deacetylase is the inhibition of HDAC6 tubulin deacetylase activity by p300-mediated acetylation but the reversibility of this modification was not studied (34) . The finding that Sirt1 deacetylation is instrumental for regulation of Sirt1 activity indicates that the principle of autocatalytic modification does also apply to deacetylases. Although we cannot completely rule out the possibility that Sirt1 is also deacetylated by another deacetylase or that Sirt7 inhibits the activity of an acetyltransferase, autodeacetylation of Sirt1 creates attractive regulatory advantages: Autocatalytic activation of Sirt1 might provide a versatile tool to amplify signal responses, which is otherwise often accomplished by a cascade of different molecules as, for example, in phosphokinase signaling. Autocatalytic activation alleviates the need for other molecules but provides means for the input of additional regulators and for nonlinear responses. This might be particularly important for sirtuins, whose activities depend on NAD + /NADH ratios (35) . Although it is relatively difficult to determine the "active" concentration of NAD + and NADH in different cellular compartments and to distinguish free from protein-bound NAD + , several studies indicate that sirtuins react to rather minor changes in NAD + / NADH ratios (36) . Autocatalytic activation might amplify such moderate alterations of NAD + or NADH concentrations in the submillimolar range (35) and therefore allow efficient Sirt1 signaling, which would be difficult to achieve by a solely linear response. An important component in such a regulatory circuit is the acetyltransferase that targets and inactivates Sirt1. Since inhibition of Sirt1 autodeacetylase activity by expression of Sirt7 increased Sirt1 acetylation, it seems likely that the tentative acetyltransferase is permanently active, at least in some cell types. Currently, the acetyltransferase that targets and inactivates Sirt1 is unknown, which at present prevents the study of its regulatory function. Obviously, acetylation and inactivation of Sirt1 are essential to assure efficient adipocyte differentiation under physiological conditions, but it is unclear whether, in addition to the critical role of Sirt7 downregulation for removal of the inhibitory acetylation moiety in Sirt1, a dynamic regulation of the activity of the unknown Sirt1 acetyltransferase contributes to this process.
At present it is also unclear how autodeacetylation increases activity of Sirt1 but recent findings suggest that two regulatory motifs A and B within the N-terminal part of Sirt1 boost its catalytic activity via intra-or intermolecular interactions (37) . Since our findings indicate that autodeacetylation of Sirt1 at K230, which is located immediately downstream of the regulatory motif B, is instrumental for Sirt1 activity, it is tempting to speculate that acetylation of lysine 230 prevents such interactions. Sirt7 might inhibit autodeacetylation of Sirt1 at K230 by altering the monomeric state of Sirt1. Intriguingly, Sirt1 shows lower activity as an oligomer and only acquires full activity when present as a monomer (38) , which makes it likely that heterodimer formation of Sirt1 and Sirt7 will reduce the activity of Sirt1. Notably, lysine 230 (magenta) of Sirt1 is located within the conserved domain (highlighted in green) (Fig. 8B) , which is assumed to play a critical role for the regulation of Sirt1 activity by resveratrol and other sirtuin-activating compounds (STACs) (39) . The same domain also contains a glutamic acid (red) at position 222 required for Sirt1 activation (39) , which might indicate that deacetylation of K230 is necessary to activate Sirt1 by STACs. The inability of Sirt1 activators to further stimulate enzymatic activity of the Sirt1 deacetylation mimicking hyperactive mutant, Sirt1 K230R clearly supports such a mechanism. We hypothesize that Sirt7 inhibits Sirt1 autodeacetylation and activity by promoting Sirt1 oligomerization, which might facilitate binding of the Sirt1 inhibitor Set7/9. In conclusion, our study revealed that Sirt7 efficiently inhibits Sirt1 activity at different levels. Further investigations are required to disentangle the full complexity of regulatory network that fine tunes the activity of different sirtuins. mean values ± SD; **P < 0.01. N = independent biological replicates. Data were analyzed using Student's t test (two-tailed paired t test).
Although current evidence points to antagonistic functions of Sirt1 and Sirt7 as also exemplified by opposing effects of Sirt1 and Sirt7 for regulation of rDNA transcription (40), other findings suggest synergistic roles. Malik et al. found that Sirt1 and Sirt7 collaborate to synergistically repress cadherin expression for regulation of metastatic phenotypes in epithelial and mesenchymal tumors (41) . Depending on the presence or absence of different cofactors that facilitate or disable interactions between sirtuins or modify (e.g., acetylate) different components of the sirtuin signaling machinery, Sirt7 might antagonize Sirt1 in one setting but synergize with Sirt1 on other occasions. In fact, preliminary observations suggest that Sirt1 and Sirt7 act together in distinct complexes, which might differentially affect their functions and substrate specificity.
Here, we provide evidence for the physiological relevance of Sirt7-mediated Sirt1 inhibition by demonstrating impaired adipogenesis after inactivation of Sirt7 in vitro and in vivo. Loss of Sirt7 led to increased Sirt1 activity and recruitment to the PPARγ promoter, resulting in strong attenuation of the PPARγ expression, which seems to be the primary cause of the lipodystrophic phenotype in Sirt7 KO mice. Reduced PPARγ expression might also contribute to the impaired WAT accumulation under a high-fat diet in Sirt7 KO mice, although further experiments are required to fully elucidate the underlying molecular mechanism (27) . We also found that deacetylation of another Sirt1 target, p53, is repressed by Sirt7. The resulting attenuation of the function of p53 in Sirt7-deficient mice might also contribute to the development of lipodystrophy in Sirt7 mutants (Fig. 8) . p53 plays a well-documented but rather complex role in adipogenesis. Several reports suggested that p53 inhibits adipogenesis, while others indicate a role of p53 in maintaining adipogenic depots in vivo (42, 43) . Most significantly, p53 hypomorphic mice develop lipodystrophy during aging, which strongly resembles the phenotype of Sirt7-deficient mice (44) . Further studies are required to explore the full physiological significance of p53 function and its dependence on sirtuins in the adipose tissue. In this context, it will be also interesting to inactivate Sirt7 in adult adipocytes to analyze a potential reduction of WAT mass and disclose effects of Sirt7 on the maintenance rather than on the formation of adipocytes.
We are proposing a model in which Sirt7 adjusts the activity of Sirt1. Aberrant or pathologically sustained activation of Sirt1 will repress its principally beneficial effects such as fat mobilization and ) (n = 5). (E) Quantification of MRI measurements; mean values ± SD; *P < 0.05; **P < 0.01. N = independent biological replicates. Data were analyzed using Student's t test (two-tailed paired t test).
restriction of adipogenesis, thereby causing metabolic dysfunctions. It remains to be explored, whether Sirt1/Sirt7 interaction plays a similar regulatory role in other fat depots that are regulated by Sirt1, especially the regulation of brown and beige fat (45) . Continuous repression of key regulatory molecules downstream of the sirtuin signaling network, such as PPARγ and p53, will initiate exaggerated metabolic responses (42) disrupting tissues homeostasis and facilitating disease. The prospect of pharmacological regulation of Sirt1 activity to manipulate metabolic conditions and aging has attracted a lot attention. Our model raises some caveats but provides opportunities to change the activity of sirtuin signaling network. The unexpected level of complexity in sirtuin regulation indicates that consequences of the disturbance of the delicate, finely tuned cross-regulatory network between individual members of the sirtuin family has to be taken into account before attempting pharmacological interventions. Future experiments will reveal whether regulatory circuits exist not only between Sirt1 and Sirt7 but also between other members of the sirtuin family. Therefore, development of specific inhibitors for individual sirtuins seems mandatory, since global activators or inhibitors might provoke mixed responses resulting in adverse effects depending on the composition and activity of different sirtuin complexes and the presence of respective cofactors. Manipulation of Sirt7, on the other hand, becomes more attractive by our findings: specific activators of Sirt7 will most likely reduce the activity of Sirt1 on distinct targets, while small molecules interfering with the function of Sirt7 might induce activation of Sirt1.
Materials and Methods
Animals and Generation of Sirt1 and Sirt7 Conditional KO Mouse Strains. C57BL/6 Sirt7 −/− mice have been described previously (22) . Wild-type C57BL/6 mice were obtained from Harlan-Winkelmann. For generation of conditional Sirt1 KO mice, a targeting Sirt1 vector containing a ≈19-kb DNA sequence spanning the 5′-UTR and the region from exon1 to intron4 and two loxP sites flanking exon4 including the neo cassette was used for homologous recombination in ES cells. Mice carrying Sirt1 floxed exon4 were generated by standard procedures and bred with the CMV-Cre strain. Mice heterozygous for the deleted Sirt1 allele were crossed with Sirt7 KO mice to generate Sirt7( −/− )//Sirt1( +/− ) and Sirt7(
) animals. To specifically inactivate Sirt7 in WAT, mice carrying Sirt7 floxed exons 6-9 were bred with AP2-Cre recombinase transgenic mice (46) . All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals To generate retroviral particles, Phoenix cells were transfected with either pQsupR-Scramble or pQsupR-mSirt1shRNA using the CaPO 4 precipitation method. Forty-eight hours after transfection, medium containing retroviruses was collected, filtered, and transferred to target cells in the presence of polybrene (4 μg/mL). Infected cells were selected with 2.5 μg/mL puromycin for 7 d.
RNA and Protein Preparation and Analysis. Total RNA was extracted from cells or tissues using TRIzol reagent (Invitrogen) and analyzed by quantitative realtime PCR in an iCycle iQ Multi Color Real-Time PCR machine (Bio-Rad) using Absolute QPCR SYBR Green Mix (Abgene). Primer sequences are given in SI Appendix, Table S2 . Proteins from cells and mouse tissues were extracted in 100 mM Tris·HCl, pH 8.0, 10% SDS, 10 mM EDTA, and protease inhibitor mixture and homogenized by sonication on ice. Lysates were incubated at 99°C for 2 min, then cleared by centrifugation (20,817 × g, 5 min at room temperature). Antibodies used for Western blot analyses are listed in SI Appendix, Table S3 .
Pull-Down and Coimmunoprecipitation Assays. For immunoprecipitation assays, samples were prepared using standard protocols followed by incubation with different primary antibodies (SI Appendix, Table S3 ) overnight at 4°C. Complexes were precipitated by addition of 25 μL protein G Sepharose 4 Fast Flow beads (GE Healthcare Life Sciences), separated by SDS/PAGE and analyzed by Western blot. For isolation of Flag-tagged proteins an ANTI-FLAG R M2 Affinity Gel (Sigma-Aldrich) was used and the proteins were eluted by incubation with Flag R peptide (Sigma-Aldrich) in RIPA buffer. Identical amounts of GST or GST-Sirt7, GST-Sirt6, GST-GFAT fusion proteins were bound to glutathione-Sepharose (Pharmacia) and incubated with cell lysates from HEK293 cells expressing Sirt1-CFP fusion protein. Beads were washed with binding buffer and bound proteins were eluted and resolved on denaturing SDS-polyacrylamide gel electrophoresis for Western blot analysis. Sirt 1 Deacetylase Assay and Mass Spectrometric Analysis. The following Sirt1 peptides were used for the Sirt1 deacetylation assay: RKKRK(ac)DIN-TIEDAVK(8); RKKRK(ac)DINTIEDAVK(0); and DINTIEDAVK(0). Peptides were synthesized and labeled using the SILAC technique (48) . Further information is provided in SI Appendix, SI Material and Methods.
In Vitro Deacetylation Assay. Stable cell lines were generated by infection of 3T3-L1 cells with pMSCV-Flag Sirt1 or pMSCV-Flag Sirt7 retroviruses followed by puromycin selection. Purified proteins were incubated for 30 min at 37°C with HeLa hyperacetylated core histones in HDAC buffer (10 mM Tris·HCl pH 8.0, 150 mM NaCl, 10% glycerol) in presence or absence of 5 mM NAD + . The reactions were stopped with Laemmli buffer and separated by SDS/ PAGE. The acetylation status of H4K16ac was monitored by Western blot analysis using the anti-H4K16ac antibody (07-329, Millipore).
Luciferase Assay in Stable Gal4-Sirt1 Inducible Cell Line. ChIP2 cells (293TREX containing pcDNA4/TetOn-Gal4-Sirt1 and pGal4-Tk-Luc-Neo; ref. 26) were cultured in DMEM supplied with 10% FCS, 5 μg/mL blasticidin (Invitrogen), 500 μg/mL G418 (Life Technologies), and 100 μg/mL Zeocin (Invitrogen). Cells were transiently transfected with different amounts of pCMVTag2a-hSirt7-Flag using Lipofectamine 2000 (Invitrogen). To control for transfection efficiency and to normalize the luciferase activity, 1 ng pGL3 control plasmid (Renilla luciferase under TK promoter, Promega) was mixed with 150 ng of experimental DNA and cotransfected. Twenty-four hours after transfection cells were induced with 1 μg/mL tetracycline (Merck) for an additional 24 h. Luciferase activity was determined using a Dual Luciferase Reporter System (Promega). Firefly luciferase activity was normalized for Renilla luciferase activity. Each transfection and luciferase assay was repeated three times.
Chromatin Immunoprecipitation. The protocol is described in SI Appendix, SI Material and Methods.
Immunofluorescence, Morphological Analysis, and Magnetic Resonance Imaging. Tissue samples were characterized by hematoxylin and eosin staining (H&E) (Chroma/Waldeck) according to standard protocols. Samples for fluorescence microscopy were processed as previously described (49) . All MRI measurements were performed on a 7.0T superconducting magnet (Pharmascan, 70/16, 16 cm; Bruker Biospin) equipped with an actively shielded imaging gradient field of 760 mT/m using established methods (50) .
